Spliceosomal introns are hallmarks of eukaryotic genomes, dividing coding regions into separate exons, which are joined during mRNA intron removal catalyzed by the spliceosome. With few known exceptions, spliceosomal introns are cisspliced, that is, removed from one contiguous pre-mRNA transcript. The protistan intestinal parasite Giardia lamblia exhibits one of the most reduced eukaryotic genomes known, with short intergenic regions and only four known spliceosomal introns. Our genome-wide search for additional introns revealed four unusual cases of spliceosomal intron fragmentation, with consecutive exons of conserved protein-coding genes being dispersed to distant genomic sites. Independent transcripts are trans-spliced to yield contiguous mature mRNAs. Most strikingly, a dynein heavy chain subunit is both interrupted by two fragmented introns and also predicted to be assembled as two separately translated polypeptides, a remarkably complex expression pathway for a nuclear-encoded sequence. For each case, we observe extensive base-pairing potential between intron halves. This base pairing provides both a rationale for the in vivo association of independently transcribed mRNAs transcripts and the apparent specificity of splicing. Similar base-pairing potential in two cis-spliced G. lamblia introns suggests an evolutionary pathway whereby intron fragmentation of cis-spliced introns is permissible and a preliminary evolutionary step to complete gene fission. These results reveal remarkably complex genome dynamics in a severely genomically reduced parasite.
Introduction
Spliceosomal introns are quasi-random sequences that interrupt nuclear-coding genes and are removed from RNA transcripts by the spliceosome (Jurica and Moore 2003) . Intron-exon structures vary dramatically, with orders of magnitude differences in number of introns and median intron length across species (Logsdon 1998) . The evolution and functional significance of spliceosomal introns and the evolutionary forces underlying these striking interspecific differences remain matters of much debate (Roy and Gilbert 2006) .
Trans-splicing is an RNA splicing event in which two separate RNA primary transcripts are ligated to yield a single mature RNA. In spliced leader (SL) trans-splicing in some protists and metazoans, one or more common noncoding leader sequences are spliced onto 5# ends of pre-mRNA transcripts of various genes (Bonen 1993) . Trans-splicing of independently transcribed nuclear-coding mRNAs is considerably rarer with few reported examples, such as mod (mdg4) in Drosophila, the bursicon gene in mosquitoes, and a few human mRNAs (Li et al. 1999; Takahara et al. 2000; Dorn et al. 2001; Robertson et al. 2007 ). Very recently, a single case of trans-splicing was reported in Giardia lamblia (Nageshan et al. 2011 ).
The extremely intron-poor intestinal parasite G. lamblia occupies a unique position in the study of spliceosomal intron evolution. Consistent with its lack of mitochondria, G. lamblia was initially (and is sometimes still) thought to be an ''early-branching'' eukaryote, representing a primitive lineage within eukaryotes (Sogin 1991; Morrison et al. 2007) . Giardia lamblia was also originally thought to be potentially intronless. Together, these possibilities suggested that early eukaryotes were intronless or extremely intron poor and that spliceosomal introns became abundant later, for instance, by spread of type II selfsplicing introns transferred from an early eukaryotic organelle (Cavalier-Smith 1991) . However, evidence for a mitochondrial ancestry of G. lamblia (Hashimoto et al. 1998; Roger et al. 1998 ) and the repositioning of G. lamblia on more recent phylogenetic trees has greatly altered understanding of G. lamblia's evolutionary history. Meanwhile, the finding of introns and splicing machinery in G. lamblia and other potentially early-diverging lineages (Fast et al. 1998; Nixon et al. 2002; Russell et al. 2005; Vanácová et al. 2005) as well as the finding that both splicing machinery and intron positions are shared across widely diverged eukaryotes (Archibald et al. 2002; Fedorov et al. 2002; Rogozin et al. 2003; Collins and Penny 2005) indicate that early eukaryotic ancestors already had a well-developed spliceosomal system, with recognizeably modern splicing machineries and intron complements.
We report bioinformatic and molecular studies of splicing and spliceosomal introns in G. lamblia. We find a variety of surprising phenomena, including a high frequency of trans-spliced introns, division of a single ancestral gene into four separate pieces, and utilization of atypical AT-AC splicing boundaries. Extensive base pairing between intron halves, and similar RNA secondary structures in long cis-spliced introns, suggests an evolutionary pathway for transition from cis-to trans-splicing of coding introns. These results reveal remarkable complexity of gene expression in a species often thought to be highly ''simplified,'' and point to an unappreciated diversity of spliceosomal structures in eukaryotes.
Materials and Methods

Bioinformatic Identification and Comparative Genomics of G. lamblia Introns
To identify cis-spliced introns, we performed bioionformatic searches of the Giardia genome to identify all instances of consensus sequences from previously known
where N n-m indicates a block of between n and m nucleotides. We then identified instances in which removal of the sequence would extend an open reading frame (ORF) by at least 50 codons. We then performed Blast searches of these extended ORFs against Genbank to look for evidence of interruption of a conserved gene. Next, we identified all matches to the canonical 3# splice site CT[A/G]ACACA-CAG, allowing one mismatch within the underlined three positions. We then searched for potential 5# splice sites upstream with similarity to [G/C]TATGT but did not find clear candidates. Sequence searches of the downstream sequence led us to the two split introns, as described above.
Stimulated by the finding of trans-spliced introns in one dynein gene, we decided to study other dynein genes. To catalog the various dynein heavy chain (DHC) isoforms present in the G. lamblia genome, we first analyzed the 16 annotated ORFS designated as DHCs at the GiardiaDB web site (GiardiaDB.org). To verify the designation of each isoform, we performed Blast searches of GenBank and analyzed the 20 lowest E value hits to dynein sequences of other organisms. In each case, this clearly delineated the isoform designation. Importantly, we found that all expected and essential heavy chain isoforms were present in the genome either as contiguous or fragmented genes and were single copy. We also used isoform sequences of DHC beta and gamma from other organisms as queries for Blast searches against the Giardia genome database to confirm that there were no additional contiguous gene copies. Our searches identified two G. lamblia ORFs encoding DHC gamma proteins whose lengths, in sum, were similar to the sum of the DHC beta fragments and therefore suggestive of a trans-splicing mechanism to unite the two DHC gamma gene halves.
Protein structural domains encoded within the Giardia DHC beta and gamma gene fragments were predicted using the 3D-JIGSAW program on the BioMolecular Modelling Cancer Research UK web site (bmm.cancerresearchuk. org/;3djigsaw/) in order to pinpoint the regions of structural discontinuity relative to other dynein orthologs.
To compare across Giardia isolates, genome assemblies for the GS and P15 isolates were downloaded from GiardiaDB (giardiadb.org). For each cis-and trans-spliced intron, WB sequences were Blasted against GS and P15. Sequences were aligned and analyzed using PAML and by eye.
Confirmation of Trans-Splicing and G. lamblia Genome Annotation Axenic G. lamblia trophozoites (strain WB clone 6; ATCC 30957) were cultured in modified TYI-S-33 medium. Total RNA was extracted by the use of the TRIZOL Reagent (Invitrogen), and genomic DNA was isolated by the use of the DNeasy kit (Qiagen). Polymerase chain reaction (PCR) and reverse transcription (RT)-PCR reactions on Giardia nucleic acids were performed as previously described (Russell et al. 2005 ) employing oligonucleotide primers listed in supplementary figure 7, Supplementary Material online. Product bands were excised from agarose gels and purified using QIAquick Gel Extraction Kits (Qiagen) employing the manufacturer's protocols. PCR products were then cloned into the pCR2.1-TOPO vector (Invitrogen) and subjected to automated DNA sequencing.
Results and Discussion
Cis-and Trans-Spliced Introns in Giardia
We performed bioinformatic searches for spliceosomal introns in G. lamblia. Previously identified G. lamblia introns exhibit atypical extended conserved 5# and 3# sequences (Nixon et al. 2002; Russell et al. 2005; Morrison et al. 2007) fig. 1a , Supplementary Material online). We searched the genome (http://giardiadb.org/giardiadb/) for intron-like sequences containing motifs with similarity to 5# and 3# splice site consensus sequences and filtered these candidates for additional indications of splicing (interruption of extended or conserved ORFs, evidence in expressed sequence tag [EST] databases, etc.). We identified two EST-confirmed ''conventional'' G. lamblia cis-introns, one in the gene for 26S proteasome non-ATPase regulatory subunit 4, at the same position as introns in various orthologs (supplementary fig. 1a , Supplementary Material online), and another since reported elsewhere (Morrison et al. 2007 ).
We also found instances of perfect matches to the 3# consensus sequence without a nearby Giardia 5# splice site Roy et al. · doi:10.1093/molbev/msr063 MBE consensus sequence. We noted two cases in which translation of downstream sequences revealed extensive amino acid sequence similarity to the conserved eukaryotic proteins: DHC b outer arm (nomenclature as in Hook and Vallee 2006) and heat shock protein 90 (Hsp90) ( fig. 1A and B and supplementary figs. 2 and 3, Supplementary Material online). In both cases, amino acid sequence similarities end abruptly at the 3# splice site consensus sequence match and consequently both translated sequences lack significant conserved amino-terminal regions ( fig. 1A and B) . Surprisingly, Blast searches of the upstream contig using orthologs of the missing conserved upstream coding sequences as queries, revealed no hits to upstream sequence. However, Blast searches against the genome revealed clear sequence similarity to internal regions of other long G. lamblia genomic contigs (in each case .20 kb from either end of the contig). In both cases, sequence conservation ends abruptly at a canonical Giardia 
Extensive Fragmentation of the DHC b Gene
Further analysis of genomic regions encoding the DHC b outer-arm protein was even more surprising. The conserved gene is remarkably fragmented, with four putative exons encoded on internal regions of four separate genomic contigs. Regions of disjunction between exons 2 and 3 and between exons 3 and 4 exhibit obvious candidate splicing consensus sequences, and the putative transspliced product gives clear ungapped alignments to homologs ( fig. 1B and C and supplementary fig. 3 , Supplementary Material online). In contrast, no candidate splice sites for the junction between putative exons 1 and 2 were observed. PCR-mediated amplification of Giardia genomic DNA confirmed the fragmented organization of both DHC b and Hsp90: Primer combinations flanking each predicted exon-intron boundary generated expected products (supplementary figs. 5 and 6, Supplementary Material online), but primers flanking each split intron did not.
Confirmation of Trans-Splicing
To assess trans-splicing, we performed RT-PCR on Giardia RNA using primer pairs within conserved exon regions, spanning positions of discontinuity ( fig. 1D and supplementary figs. 6 and 7, Supplementary Material online). As expected, we observed RT-PCR products (confirmed by cloning and sequencing) for trans-splicing of Hsp90 and for DHC b exons 2/3 and 3/4 ( fig. 1D, lanes 3 , 7, and 9) but not for DHC b exons 1/2 (lane 5). Notably, when the cDNA synthesis step was omitted (RT-), a genomic product was generated for the cis-spliced RpL7a intron control (presumably reflecting some genomic DNA in the RNA sample, lane 2) but not for exons flanking trans-spliced introns (lanes 4, 8, and 10) , as expected for distantly-located/unlinked exons. Trans-splicing reactions involving DHC exons 2, 3, and 4 were found to be specific: no exon 2-exon 4 or exon 3-exon 2 splicing products were observed (data not shown). Evidence that DHC b ''exon 1'' is instead independently translated (rather than transspliced) comes from 11 corresponding polyadenylated ESTs (supplementary fig. 8, Supplementary Material online) , and a canonical Giardia poly(A) processing signal (AG-T[A/G]AA [C/T] 11 ) following the genomic sequence for exon 1 (but not exons 2 or 3).
Utilization of Atypical Splice Boundaries in the DHC c Gene
The case of the DHC b outer-arm gene stimulated us to examine other dynein genes. We found that the DHC c outer-arm gene is also fragmented on two distinct G. lamblia contigs. The position of discontinuity lies between the first two conserved AAA domains (ATPase), P1 and P2 ( fig. 2 ), mirroring the exon 1/2 split in DHC b. RT-PCR ( fig. 1D , lane 11) and sequencing of multiple cDNA clones revealed trans-splicing. Surprisingly, cloning and sequencing revealed that splicing consistently occurred at a pair of atypical splice sites ( fig 1E) . First, the 5# splice site is ATATGTT. Second, splicing consistently occurred not at the observed in frame consensus 3# splice site (GCTAACACACAG) but at an ''AC'' nucleotide 3 nt downstream (GCTAACACACAGCAC). Again, the spliced sequence yields a clear ungapped alignment to homologous sequences ( fig.1E and supplementary fig. 4 , Supplementary Material online). Thus, the DHC c outer-arm gene is interrupted by a trans-spliced AT-AC intron.
It is tempting to speculate that DHC b also once contained a fragmented intron between P1 and P2. The fragmented intron could then have lost the ability to trans-splice, possibly stimulated by the ability of the two protein halves to assemble posttranslationally to form a functional DHC, leading to the observed protein-level fragmentation. Split dynein genes are very unusual. The only known case is in basidiomycete fungus Ustilago maydis, where a dynein is fragmented between the P4 and P5 domains (refer to fig. 2 ), and the two polypeptides were shown to form a complex in vivo (Straube et al. 2001) . Notably, other non-dynein members of the superfamily of AAA-type (ATPase) domain-containing proteins typically contain only one or two AAA domains per polypeptide and can oligomerize to form homohexameric rings akin to the continuous P1-P6 ring structure seen in most dyneins (Asai and Koonce 2001) .
The coupling of 5# AT and 3# AC splice boundaries is intriguing because AT-AC boundaries are frequently found in rare so-called U12-type/minor spliceosomal introns. However, the fragmented DHC c AT-AC intron is more likely to be a major/U2-type spliceosomal intron because sequence searches have failed to identify any U12-type spliceosome components in Giardia (or any other intron-poor genome) (Russell et al. 2006 ; Davila Lopez Atypical Trans-Spliced Introns in Giardia · doi:10.1093/molbev/msr063 MBE FIG. 1. Trans-splicing in Giardia lamblia. Parts (A-C) and (E) show DNA and translated amino acid sequences for Giardia trans-splicing pairs, with ClustalX generated alignments of translated protein sequences from orthologous genes. Exonic/intronic sequence is shown in capital/ lowercase. HSP90 (A), DHC b outer-arm exons 2-3 (B) and exons 3-4 (C), and DHC c outer arm (E) are shown. Canonical Giardia intron boundaries are underlined. In each case, ''contig_X'' indicates the contig with name AACB020000X. GenBank accession numbers and extended protein sequence alignments are given in supplementary figures 2-4, Supplementary Material online. (D) Confirmation of trans-splicing. RT-PCR products generated from Giardia total RNA were resolved by 2% agarose gel electrophoresis. Filled arrowheads indicate spliced cDNA products generated from cis-spliced RpL7a or trans-spliced Hsp90 or DHC isoform mRNAs. The open arrowhead indicates a genomic product generated by PCR amplification of the intron-containing RpL7a gene. RT indicates whether reverse transcriptase was added (þ) or omitted (À) during the cDNA synthesis step. L lanes contain 100 bp DNA size ladders. Lanes 3 and 4 use primers (oAH 1 þ 4) to detect fusion of exons 1 and 2 in Hsp90. For DHC b, lanes 5 and 6 assess exon 1-2 splicing (oAH 5 þ 8), lanes 7 and 8 assess exon 2-3 splicing (oAH 9 þ 12), and lanes 9 and 10 assess exon 3-4 splicing (oAH 13 þ 16). Lanes 11 and 12 assay splicing of the two DHC c exons (oAH 32 þ 35). See supplementary figures 6 and 7, Supplementary Material online for complete primer descriptions. et al. 2008 ). In addition, extended splicing boundaries of this intron are similar to U2-type/major G. lamblia consensus boundaries but not to U12-type consensus sequences.
Base pairing and Trans-Splicing: Evolutionary Implications
We next asked how the various intron halves would associate in vivo. We discovered striking base-pairing potential between intron halves, with each stem stabilized by at least 17 Watson-Crick base pairs ( fig. 3A-C) , as previously observed for HSP90 (Nageshan et al. 2011) . In each case, the 5# boundary of intron sequence complementarity begins 10-13 nt downstream of the 5# splice site and the 3# boundary ends 25-34 nt upstream of the 3# splice site, thereby leaving all the conserved splicing elements potentially exposed as ''single-stranded'' regions. Interestingly, the two longest previously identified cis-spliced G. lamblia introns also show extensive base-pairing potential with complementary regions in the same locations relative to splice sites ( fig. 3D and E) , suggesting that base pairing may be important for efficient splicing of Giardia introns (both trans and cis), perhaps by constraining the spatial distance between the splice sites, consistent with three of the known Giardia cis-introns being very short (29-35 nt) . Study of gene sequences from other Giardia isolates (supplementary figs. 9 and 10, Supplementary Material online) confirmed preferential conservation of the complementary regions: 1) complementary regions showed a higher rate of conservation than flanking intronic sequences or than synonymous sites within flanking exons; 2) changes within predicted secondary structures were more common at unpaired sites (4 changes at 11 unpaired sites vs. 11 changes at 178 paired sites; P 5 0.0057 by a Fisher Exact Test); and 3) all point substitutions at paired sites preserved base pairing (supplementary fig. 10 , Supplementary Material online).
Base-paired stems of long cis-spliced introns also suggest a model for recurrent intron fragmentation (four of nine introns identified so far). Pre-established extensive base pairing within contiguous (cis) introns would provide the means for immediate association of intron halves following exon dispersal. A second important feature may be Giardia's strikingly degenerate and short promoters, comprising as little as 10-16 nt of AT-rich sequence (Yee et al. 2000 (Yee et al. , 2007 . Such sequences might be expected to frequently arise at random within intronic (Upcroft et al. 2010) . Trans-splicing events fuse the last three exons encoding the C-terminal half of the protein. Independent translation generates the N-and C-terminal polypeptides, which are then predicted to associate to produce an essential and a functional DHC. The six conserved AAA domains, P1-P6 form a conserved hexameric ''wheel-like'' structure, the so-called motor domain. The Giardia DHC c outer-arm gene is also fragmented within the linker region between P1 and P2, but in this case, trans-splicing fuses the coding region to generate a continuous polypeptide.
Atypical Trans-Spliced Introns in Giardia · doi:10.1093/molbev/msr063 MBE sequence upstream of a potential 3# splice site. Such cryptic internal promoters could allow for immediate transcription of the downstream exon following genomic fragmentation. The unusual nature of the identified spliceosomal components in Giardia (Chen et al. 2008 ) may also be a contributing factor that needs to be further investigated.
Concluding Remarks
We report the first case of multiple fragmented spliceosomal introns interrupting a single gene. We have identified the most fragmented nuclear protein-coding gene expression pathway in any organism characterized to date, with fragmentation of DHC b outer arm occurring at both the transcriptional and translational level. We propose that the common gene fragmentation position now found in both DHC outer arms b and c was initially the result of both genes containing cis-introns at the same relative location (between P1 and P2) that later became fragmented and required trans-splicing (still seen in c), the b isoform now having lost the intron completely. This represents a novel hypothetical pathway of spliceosomal intron loss that may occur in some eukaryotes undergoing genome size reduction. This also raises the tantalizing possibility that such a mechanism of gene fragmentation may have contributed to the evolution of multisubunit protein complexes from simpler (monomeric) units. Giardia is now distinguished in having an unusually large fraction of split introns, unusual spliceosomal small nuclear RNAs, and frequent occurrence of noncanonical 5# intron terminal nucleotides (CT/AT), clearly a novel splicing system that warrants further characterization. The finding of FIG. 3 . Extensive base-pairing potential in Giardia spliceosomal introns. Predicted secondary structures illustrate the extensive base pairing predicted to mediate in vivo association of intron halves and trans-splicing of fragmented introns in Hsp90 and DHC b and c outer-arm mRNAs (A-C). Predicted branch point sequences are underlined; the 3# ends of intron 5# halves and likewise, the 5# ends of intron 3# halves are indeterminate. Also illustrated are secondary structures predicted by MFOLD (Zuker 2003) for two previously identified cis-spliced Giardia introns in the RpL7a gene and a gene encoding a protein of unknown function (D and E). Due to its larger size, only the sequences of the intron extremities are shown in (E).
unprecedented complexity of gene expression in such a radically reduced genome underscores the intricate interplay between genomic ''simplification'' and intricacy in genome evolution.
Supplementary Material
Supplementary figures 1-10 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
